The results of atomistic molecular-dynamics simulations of mechanical properties of heterocyclic polymer subjected to uniaxial deformation are reported. A new amorphous thermoplastic polyimide R-BAPO with a repeat unit consisting of dianhydride 1,3-bis-(3 0 ,4,-dicarboxyphenoxy)diphenyl (dianhydride R) and diamine 4,4 0 -bis-(4 00 -aminophenoxy)diphenyloxide (diamine BAPO) was chosen for the simulations. Our primary goal was to establish the impact of various factors (sample preparation method, molecular mass, and cooling and deformation rates) on the elasticity modulus. In particular, we found that the elasticity modulus was only slightly affected by the degree of equilibration, the molecular mass and the size of the simulation box. This is most likely due to the fact that the main contribution to the elasticity modulus is from processes on scales smaller than the entanglement length. Essentially, our simulations reproduce the logarithmic dependence of the elasticity modulus on cooling and deformation rates, which is normally observed in experiments. With the use of the temperature dependence analysis of the elasticity modulus we determined the flow temperature of R-BAPO to be 580 K in line with the experimental data available.
Introduction
Polyimides (PI) are heat-resistant polymers that are widely used in aircraft, airspace and mechanical engineering as all-purpose materials that can provide efficient performance under extreme environmental conditions and long-lasting load without significant degradation of their properties. 1, 2 Scientific interest in heat-resistant polymers, in general, and in aromatic polyimides, in particular, is also due to the fact that incorporation of some ''hinge'' groups (heteroatoms of oxygen, sulfur, sulfone group, etc.) into the repeat unit of a polymer chain can successfully be used to synthesize new thermoplastic polymers. 1, 2 Such polyimides and polyimide-based materials show both good mechanical properties [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and substantial resistance to high temperatures, chemicals and increased radiation levels. 13 However, due to the complex chemical structure of the diamine and dianhydride fragments of PI repeat units, the relationship between the chemical composition of the thermoplastic polyimides and their mechanical properties remains unclear. 13 Furthermore, due to their complex chemical structure, the thermoplastic polyimides may show relatively low local translational and rotational mobilities of polymer chain fragments, in contrast to those observed for commodity polymers, such as polyethylene or polystyrene. Overall, these features can lead to specific changes in the relaxation patterns of different fragments of repeat units of thermoplastic polyimides subjected to an external deformation field. They can also significantly affect the correlation between their mechanical properties and temperature, pressure and other external factors, as compared to the corresponding correlations seen for polymers of simpler chemical structure.
Therefore, the synthesis of new polyimides requires largescale experimental research, including an analysis of the effects of temperature and external pressure. Unfortunately, such experimental studies are quite resource-intensive. 1, 2 That is why computer simulation techniques used along with fully-atomistic computational models, are regarded as efficient and much cheaper methods for the comparative study of mechanical properties of new thermoplastic polyimides.
As far as the computer simulations of mechanical properties of polymers are concerned, it is still not clear how to correctly account for the influence of the thermal history (cooling rate [14] [15] [16] ) and the load application rate (deformation rate [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Our study will focus exactly on these two issues, namely the sensitivity of the elasticity modulus to the cooling and deformation rates employed in simulations. This will allow us to determine the optimal values of the cooling and deformation rates to be used in simulations in order to appropriately model the thermomechanics of thermoplastic polyimides.
The next section of the paper focuses on the polymer materials in question and the simulation details, as well as on the uniaxial deformation strategy. The effects of the degree of equilibration, cooling and deformation rates, the molecular mass and the size of a periodic simulation cell on the elasticity modulus are studied in the subsequent sections of the paper. Finally, the influence of the temperature and external pressure on mechanical properties of the thermoplastic polyimides is reported and discussed.
Materials
Thermoplastic polyimide R-BAPO
The thermal properties of tetranuclear aromatic thermoplastic polyimides [30] [31] [32] based on a dianhydride 1,3-bis-(3 0 ,4,-dicarboxyphenoxy)diphenyl (dianhydride R) were investigated in our previous studies, [33] [34] [35] [36] while their mechanical properties were not studied computationally so far. To explore their mechanical properties we chose the polyimide R-BAPO 36, 37 (based on dianhydride R and a diamine 4,4 0 -bis-(4 00 -aminophenoxy)diphenyloxide (diamine BAPO)) which was recently synthesized in the Institute of Macromolecular Compounds, Russian Academy of Sciences, see Fig. 1 .
Comparing three previously considered thermoplastic polyimides (R-BAPS, R-BAPB and R-BAPO), [33] [34] [35] [36] the choice of PI R-BAPO for studying the mechanical properties can mainly be justified by the following two reasons. First, in contrast to the partially crystallizing PI R-BAPB, the polyimide R-BAPO is fully amorphous, which allows us to rule out completely the effects related to the crystallization processes and investigate the mechanical properties of a fully amorphous polymer sample. Second, PI R-BAPO is characterized by a negligible anisotropy in the distribution of partial charges. This is in drastic contrast to PI R-BAPS, whose repeat unit contains a highly polar sulfone group that creates additional computational issues.
Methods

Simulation protocol
The simulation details related to the preparation of the equilibrated configuration can be found in our previous publications on the subject. [33] [34] [35] [36] Shortly, to generate the initial configuration, 27 polymeric chains with the degree of polymerization N p = 8 in the ''polymer gas'' state were compressed. After the compression step the pressure was reduced to 1 atm. To relieve the remaining residual stress, a cyclic annealing procedure was performed within the temperature range from 600 K to 300 K. The annealing was followed by equilibration for 2 ms at T = 600 K. Standard checks 36 were used to prove that the equilibrium state has been reached. After that, a 1 ms production simulation was performed; instantaneous configurations of the system being saved every 100 ns. The selected 11 instantaneous states were used as initial states for the cooling procedure.
The polymer samples were then cooled down to temperature of 290 K. In order to examine the influence of the simulated cooling rate g c on the mechanical properties, a cooling procedure was applied with five different values of g c , spanning the range from 1.5 Â 10 10 K min À1 to 1.5 Â 10 14 K min À1 .
In order to reduce the required simulation time, we do not take into account the electrostatic interactions (EI) 35 in the present study. Such an assumption is justified due to the rather small contribution of EI energy of PI R-BAPO to the total potential energy (B25%), 36 electrostatic interactions do modify the mechanical properties of PI R-BAPO but do not change the qualitative conclusions of the present study. Similar simulations without explicit EI are widely used in studies that dealt with polyimide mechanical properties; [38] [39] [40] the possible influence of EI will be discussed in our future publication.
After the cooling step, each of the prepared 11 samples has been deformed with a stretching rate g d that was varied in the range from 10 À1 nm ps À1 to 10 À5 nm ps À1 . For a periodic simulation cell of length of B5.8 nm, the corresponding deformation rate amounted to 1.8 Â (10 6 -10 10 ) s À1 . The simulations have been performed using the molecular-dynamics (MD) package Gromacs 4.5.6 41, 42 and the force field Gromos53a5. 43 All simulations required B1.6 million processor hours and were performed using 64 cores on Lomonosov (Intel Xeon X5570 CPUs) and Chebyshev (Intel Xeon E5472 CPUs) supercomputers at Moscow State University.
Simulation of mechanical properties
As mentioned above, the polymer samples were first cooled down to T = 290 K. This temperature is substantially lower than the glass-transition value of T g B 460-470 K 36 measured in simulations of similar polyimides without EI. After cooling, the samples were subjected to uniaxial deformation following the deformation protocol proposed elsewhere for calculating the stress-strain dependences. 44 Prior to the deformation, the LINCS algorithm 45 that keeps the length of chemical bonds constant was disabled and the chemical bonds were described with the use of the harmonic potential from the same force field. After that, the simulated systems were additionally equilibrated for 400 ps. The LINCS algorithm had to be disabled due to the observed instability of simulations on a multi-processor system upon high-speed deformation. The density change after the LINCS deactivation did not exceed 1.5%.
The uniaxial deformation changes the periodic cell size at a constant rate, along the positive direction of one of the reference axes -X, Y or Z -44 so that the isotropic Berendsen barostat 46 with a time constant t p = 0.5 ps was replaced with the anisotropic Berendsen barostat with t p = 1 ps. In the direction of the applied deformation the samples remained incompressible, i.e. the compressibility of the system in this direction was set to zero. In the transverse direction the system compressibility was set to 4.5 Â 10 À10 Pa À1 . Therefore, upon stretching a simulation cell elongates in the direction of deformation and compresses in the directions transversal to deformation in response to the external pressure (1 bar), see Fig. 2 .
During deformation the values of the pressure tensor P i , i = x, y, z, and the simulation cell size L i in the stretching direction were saved each 1 ps. The characteristics obtained were converted to the dependence of the stress s on the relative strain e as 47
where L 0i is the simulation cell size prior to the deformation (t = 0). The initial part of the dependence s(e) shows a linear regime up to B2% of the deformation e, and the elastic modulus E is defined as
The value of E was determined as the slope of the linearly approximated dependence s(e) in the linear viscoelasticity regime. It should be emphasized that, in some cases, the sample had initial residual stress, meaning that the dependence s(e) does not always emerge from zero. To calculate the value of the modulus E in this case, the dependence s(e) was simply shifted. The error bars in elasticity modulus calculations were computed as mean-square deviations from the average value Ē, obtained by averaging over all samples and three deformation directions, i = x, y, z.
Elastic properties can also be analyzed with the transversal dimensions fixed during the deformation. 48 The value of the modulus determined in this way combines the Young's modulus E and the polymer bulk modulus, and differs from the elasticity modulus calculated using the present approach.
The yield peak s y (the onset of plastic deformation in the material) and the strain-hardening modulus G h (the slope of the linear dependence s(e) in the post-yield deformation regime) were calculated as [49] [50] [51] [52] 
To this end, the dependence s(e) was converted from the engineering strain function (e = l À 1) to the strain dependence (e t = l 2 À l À1 ), where l = L i /L 0i . Eqn (3) is used to calculate the so-called offset yield peak which is slightly lower than the yield peak value determined in experiment. 49 
Results
Influence of the degree of equilibration, cooling and deformation rates
The influence of the degree of equilibration. Wellequilibrated samples obtained in long-running simulations of B3 ms have been used to investigate the influence of the degree of equilibration on the mechanical properties in the glassy state (see ESI †). Overall, we found that the values of Such behaviour of Young's modulus dependence on the degree of equilibration can be due to the preliminary annealing, where some equilibration of the samples in the glassy state has been done. This equilibration led to the rather weak dependence on the sample thermal history. Thus it might be sufficient for the accurate calculation of the mechanical properties in the present molecular-dynamics simulations.
Our findings also show that the modulus of elasticity for well-equilibrated polymer samples ( Fig. S2 and Table S1, ESI †) hardly depends on their molecular mass ( Fig. S3 and S4, ESI †) . The dependence of mechanical properties on the size of a periodic simulation cell was examined as well, and no sufficient influence was observed (Table S2 and Fig. S5 , ESI †). Such insensitivity of the elastic modulus is due to the fact that the modulus is mainly determined by the processes on the scales that do not exceed the entanglement length.
The influence of the cooling rate (thermal history). It is well known that polymer samples with different thermal history may show different mechanical properties. 14, 15, 53 In the experiments, the cooling of polymer melts is performed at rates 10-11 orders of magnitude slower than in typical MD simulations. Such a significant difference between the experimental and computational cooling rates may limit the number of relaxation processes which could be activated within typical simulation times, as compared to those in physical experiments. As a result, it can affect the shape of the energy landscape in the polymer glass in simulations and influence the values of major macroscopic material properties such as density and intramolecular energy.
After switching off the LINCS algorithm, the samples obtained by cooling with five different rates g c from 1.5 Â 10 10 K min À1 to 1.5 Â 10 14 K min À1 were deformed at a stretching rate g d = 1.8 Â 10 8 s À1 , see Fig. 3a . The results show that the extracted values of the modulus E depend logarithmically on the cooling rate g c , see Fig. 3b .
The logarithmic relationship between the elasticity modulus and the cooling rate is known from experimental studies on polyheteroarylenes. 53 A similar dependence was also reported for a simple two-dimensional model of an amorphous glass. 14 To the best of our knowledge, such a logarithmic dependence has never been observed in atomistic computer simulations of thermoplastic polyimides.
Such mechanical behavior of the PI samples with different thermal history is likely to be determined by both differences in the density at room temperature, 49 see Fig. 4a , and different values of the typical intramolecular energy of excluded-volume interactions, see Fig. 4b .
As the cooling rate g c decreases, the density of a sample in the glassy state systematically increases, leading to an increase in the number of contacts between polymer chains and a drop in the free volume. In the strain-hardening regime the dependences r(e) that are calculated for various values of g c reach some constant density, see Fig. 4a . A similar behavior is observed for the strain dependence of the energy of excluded volume interactions, see Fig. 4b , where the saturation becomes clearly visible for deformations that exceed 20%. This is a manifestation of mechanical rejuvenation or (at least in part) of the removal of the thermal history upon deformation. 54, 55 The influence of the deformation rate. To investigate the influence of the deformation rate g d on the elasticity modulus, the samples of PI R-BAPO have been cooled down with a cooling rate of g c = 1.5 Â 10 12 K min À1 , and were further deformed with different deformation rates g d from 1.8 Â 10 6 s À1 to 1.8 Â 10 10 s À1 , see Fig. 5a . The resulting strain-rate dependence E(g d ) is very close to the logarithmic one, see Fig. 5b .
The results obtained for PI R-BAPO confirm the logarithmic dependence E(g d ) observed previously in coarse-grained simulations of polyethylene and polypropylene 21, 56 and also in experimental studies of various polymers and composite polymer-based materials. 57, 58 It is noteworthy that for the samples with very high deformation rates that exceed g d = 1.8 Â 10 10 s À1 (B100 m s À1 ) and approach acoustic velocities, the dependence E(g d ) clearly deviates from the logarithmic behavior, see Fig. 5b . Coarse-grained simulations of polyethylene demonstrated that the elasticity modulus also deviated from the logarithmic dependence 21 at even higher rates (as high as 10 11 s À1 ). Some possible explanations for the observed non-logarithmic dependence of the elasticity modulus on the deformation rate can be linked to the presence of additional sub-T g relaxation processes that are activated in polymer glasses under fast deformation. At high stretching rates the polymer internal structure undergoes substantial changes that are manifested in a rather rapid density drop, even in the linear viscoelastic regime (relative deformation of a few percent), see Fig. 6 .
Thus, we can conclude that a correct choice of deformation-rate values in atomistic computer simulations is important for determining the mechanical properties of thermoplastic polyimides and for a subsequent comparison with experimental data. In the following the values of the deformation were taken below 1.8 Â 10 9 s À1 , i.e. well within the logarithmic regime of E(g d ) dependence.
Influence of temperature and external pressure on mechanical properties
To get an insight into the performance range of thermoplastic PIs, it is essential to explore the impact of temperature and external pressure on their mechanical properties.
The influence of temperature on mechanical properties. In simulations we calculated the mechanical characteristics of the thermoplastic PI R-BAPO both at temperatures above and below the glass-transition temperature T g . To this end, instant polymer configurations were saved during the cooling procedure from 600 K to 290 K, which was performed at a cooling rate of g c = 1.5 Â 10 12 K min À1 . During the cooling, the Fig. 7a shows the resulting dependences s(e) on the engineering strain e, while Fig. 7b presents the stress-strain s(l 2 À l À1 ) relationships, where l = L/L 0 . The initial part of the s(e) dependence at different temperatures was used for calculating the temperature dependence E(T) of the elasticity modulus, see Fig. 8 .
The analysis of the data in Fig. 8 shows that the modulus drops almost linearly with temperature. Similar dependences E(T) were also found in other simulation studies, 21, 59 and they were also qualitatively confirmed by experimental data. 60, 61 When temperature approaches T g from the low-temperature region, the value of E decreases by B45% as compared to the E value at room temperature. Extrapolation of the dependence E(T) to zero gives the flow temperature of T bulk B 580 K; this corresponds to the temperature at which the highly elastic response of the material to the applied load changes to a viscous flow. One can therefore conclude that the temperature T = 600 K that was selected for the equilibration stage corresponds to highly-mobile PI melt conditions. The temperature range of the viscoelasticity for the majority of polymers is determined by their chemical structure. For thermoplastic PIs the highly-elastic state can be maintained in a rather broad temperature range from room temperature to temperatures that exceed by B100 K the glass transition temperature T g = 470 K. 36 We also analyzed the density-strain dependences at different temperatures, see Fig. 9 .
During deformation, the density decreases until a T-dependent constant value is reached at different strain values. The combined influence of temperature and deformation rate makes the sample plastic at lower values of e when temperature increases. The state of viscous flow defines the material reaction to external pressure, and the polymer liquid becomes practically incompressible under such conditions. Note that we did not observe any significant increase in the density and the magnitude of (negative) excluded volume (LJ). The deformation above T g has to be done with caution, due to the large fluctuations of these characteristics. To obtain reliable results, the number of simulated samples should be large enough to provide good statistics. The results obtained are in line with the simulation findings for mechanical properties of commodity polymers. 44, 59 With temperature the yield peak and the strain-hardening modulus decrease, 62 see Fig. 10 .
The analysis of the results presented in Fig. 10 shows that both the yield peak and the strain-hardening modulus decrease almost linearly as temperature increases. In the case of the yield peak dependence such behavior is in good agreement with other computer simulations. 44 The theory of rubbery elasticity predicts that the strain-hardening modulus (G h ) should increase with temperature,
where r is the polymer density and M e is the entanglement molecular weight. However, the results of both experimental studies and previous computer simulations 49 as well as our present data imply that the G h values decrease with temperature in agreement with some recent findings. 62 The influence of external pressure on mechanical properties. We now turn to the performance of PI R-BAPO under a constant load and additional external pressure. The cooled samples of R-BAPO (g c = 1.5 Â 10 12 K min À1 ) at T = 290 K were compressed isotropically at external pressure that was varied from 50 MPa to 500 MPa. During the uniaxial stretching with g d = 1.8 Â 10 8 s À1 the external pressure was maintained constant with the use of the Berendsen barostat, see Fig. 11 .
The modulus increases linearly with external pressure P from 2.7 GPa (P = 0) to B3.7 GPa (P = 500 MPa), see Fig. 12 .
The results obtained are qualitatively supported by experimental data for commodity polymers. 63, 64 To the best of our knowledge, the influence of the external pressure on mechanical properties of polyimides has not been reported yet.
The values of the yield peak s y and the strain-hardening modulus G h also depend on the amount of the applied external pressure, see Fig. 13 . With the increase of pressure both s y and G h linearly increase. This correlation was established for the first time in simulations of atactic polystyrene under external pressure. 49 Our findings in Fig. 13 are qualitatively supported by experimental data for other polymers. 28, 63, 64 It is known that the ratio G h /s y may act as an empirical relation that describes the strength of the polymer material 49, 50 (the so-called Considere criterion), which is often related to the neck formation as a result of the deformation when G h /s y o 1/3. As G h /s y exceeds Fig. 10 Temperature dependence of the strain-hardening modulus. The inset shows the temperature dependence of the yield peak. The error bars are smaller than the symbol size. 1/3, the material strength is supposed to increase. The dependence G h /s y on external pressure at T = 290 K clearly distinguishes two regimes: G h /s y is approximately equal to 1/3 under an external pressure of r200 MPa, and is above 1/3 under an external pressure of 4200 MPa. Such behavior is likely to be associated with the substantial increase in the material strength under certain values of external pressure. Summarizing, the application of external pressure has a significant impact on practically all investigated mechanical properties, leading to a considerable increase in the elasticity modulus, the yield peak and the strain-hardening modulus. The strength of thermoplastic PI R-BAPO can be controlled by changing the external pressure; this property can be used to create new high-performance materials.
Conclusions
In this paper we employed atomic-scale molecular dynamics simulations to explore the mechanical properties of a novel thermoplastic polyimide R-BAPO under uniaxial deformation. The influence of various factors (cooling and deformation rates, external temperature and pressure) on the mechanical properties was extensively studied. It was demonstrated that the elasticity modulus is practically independent of the molecular mass, the size of the simulation box, and the degree of equilibration of the polymer sample. The simulations reported here successfully reproduce the well-known logarithmic dependence of the elasticity modulus on the cooling and deformation rates. It was established that the uniaxial stretching of PI samples with different thermal history leads to significant changes in the density and the energy of excluded-volume interactions during deformation. At the initial deformation stage, these values are determined by the material thermal history. Yet, as the deformation exceeds the yield strain, the dependences of both the density and the energy of excluded-volume interactions for the samples with different thermal history reach the same values; this effect can be interpreted as mechanical rejuvenation.
The dependence of the elasticity modulus on the deformation in the acoustic regime (B10 10 s À1 ) deviates from the logarithmic dependence observed at much lower deformation rates (in both simulations and experiments). These findings most likely can be related to the thermally-activated nature of the polymer glass deformation due to the possible additional contributions of fast sub-T g relaxation processes that are activated at high deformation rates.
Extrapolation of the T-dependence of the elasticity modulus to the zero modulus value was used to determine the temperature of transition from the highly elastic state to the viscous-flow state, T bulk B 580 K. Simulations showed the linear dependence of the yield peak and the strain hardening modulus on external pressure in agreement with previously obtained data. 49 We also found an almost linear dependence of these characteristics on temperature. Our computational results also showed an increase in higher strength performance of R-BAPO with temperature (for temperatures below the glass transition temperature). Applying high external pressure (200 MPa and above) at a temperature of 290 K may lead to a further improvement of PI strength.
Overall, our study clearly demonstrates the ability of the state-of-the-art atomic-scale MD simulations to appropriately describe the mechanical properties of heterocyclic polymers. The developed protocols will be used in the nearest future for a comparative study of mechanical properties of composite materials based on these thermoplastic polyimides, which are reinforced with carbon nanofillers of various shapes and sizes.
